This article reviews progress in the research of methyl mercury (MeHg) and nutrient interactions during the past two decades. Special emphasis is placed on the following three major areas: a) effects on kinetics, b) effects on toxicity, and c) possible mechanisms. Dietary information is not usually collected in most epidemiologic studies examining of the effects of MeHg exposure. However, inconsistency of the MeHg toxicity observed in different populations is commonly attributed to possible effects of dietary modulation. Even though the mechanisms of interaction have not been totally elucidated, research in nutritional toxicology has provided insights into the understanding of the effects of nutrients on MeHg toxicity. Some of this information can be readily incorporated into the risk assessment of MeHg in the diets of fish-eating populations. It is also clear that there is a need for more studies designed specifically to address the role of nutrition in the metabolism and detoxification of MeHg. It is also important to collect more detailed dietary information in future epidemiologic studies of MeHg exposure.
Introduction The Risk ofOrganic Mercury in the Diet
Methyl mercury (MeHg) intoxication has been a public health problem for many decades (1) . Consideration of the role of environmental factors in determining susceptibility to MeHg toxicity has recently been renewed by evidence from epidemiologic studies in the Amazon (2) , the Republic of the Seychelles (3), and the Faroe Islands (4) . Although many of these populations have been exposed to similar doses of MeHg through the consumption of fish and seafood, some populations have experienced subsequent neurotoxic effects, whereas others have not (5) . Growing awareness of the use of nutrition to maintain optimum health emphasizes the relevance of considering the way that nutritional factors may affect heavy metal toxicity. There are many reviews on human susceptibility to toxic heavy metals (e.g., [6] [7] [8] [9] [10] . However, most reviews do not give enough attention to nutritional factors that might influence human response to heavy metal intoxication.
This review focuses on nutrition as a potential modifier of MeHg toxicity. Reviews of the pharmacology and chemistry of mercury (Hg) compounds have been presented elsewhere (1, 11) .
Since the epidemic MeHg poisoning from contaminated fish consumption in Minamata, Japan, in the late 1950s (12, 13) , MeHg has been one of the most dramatic and best-documented examples of the bioaccumulation of toxins in the environment, particularly in the aquatic food chain (14) .
The neurologic symptoms induced by MeHg in the Minamata epidemic are still being observed 22 years after consumption of contaminated fish (15) . MeHg attains its highest concentrations in edible tissues of long-lived predatory fish. It is an example of a toxic compound that is well absorbed from the diet despite having no demonstrated biologic requirement in humans (9) , and the diet serves as the main source of exposure in human populations (1) .
Daily intake of MeHg depends on its concentration in foodstuffs and on the dietary habits of the consumer. With increasing naturally present inorganic Hg in the hydrosphere and biosphere due to acid rain and industrial mining activities and the subsequent biomethylation of this Hg, the global exposure to MeHg in the 21st century is expected to increase (16) . MeHg has been implicated as a neurotoxicant, a mutagen, and a teratogen in biologic organisms (17) . Therefore, MeHg toxicity is becoming a global environmental health concern.
Currently, the Food and Agriculture Organization/World Health Organization (FAO/WHO) provisional tolerable weekly intake is defined as 3.3 pg/kg/week or 200 pg/week for adults and breast-fed infants, based on prevention of parathesia in adults and older children (1) . Moreover, the fetus is particularly sensitive to MeHg even at levels that result in few, if any, signs of maternal clinical illness or toxicity. High levels of prenatal MeHg exposure can result in cerebral palsy, mental retardation, low birth weight, and early sensorimotor dysfunction (18) . Therefore, scientists have focused on the reevaluation of reference doses for MeHg in view of its prenatal developmental effects, infant exposure, and the important objective of establishing the lowest level effects for human exposure (19) (20) (21) (22) (23) .
Recently, results of two large controlled longitudinal studies of effects of prenatal Hg exposure from seafood consumption on child neurodevelopment have been published (24,25). These studies are considered references by many regulatory agencies because they use low-dose chronic exposure and state-of-the-art methodologies for measuring developmental effects. The first study was conducted in the Republic of Seychelles, an archipelago in the Indian Ocean, where 85% of the population daily consumes ocean fish (3, 24) . A cohort of 711 mother-child pairs was studied. The mean maternal hair total Hg level was 6.8 ppm and the mean child hair total Hg level at 66 months of age was 6.5 ppm. No adverse outcomes at 66 months were associated with either prenatal or postnatal MeHg exposure. The second study was conducted on a cohort of 1,022 consecutive singleton births during 1986 and 1987 in the Faroe Islands (4, 25) . At approximately 7 years of age, 917 of the children underwent detailed neurobehavioral examination. Clinical examination and neurophysiologic testing did not reveal any clear-cut Hg-related abnormalities. However, when a subsample of 112 children whose mothers had a hair Hg concentration of 10-20 ppm was compared to a subsample of children whose mothers had exposures below 3 ppm, mild decrements were observed, especially in the domains of motor function, language, and memory (25) .
In response to this recently available epidemiologic data, Health Canada has proposed a provisional no observable adverse effect level of 10 ppm Hg in maternal hair (26) . When converted to an equivalent daily intake from food and using a 5-fold uncertainty factor to account for interindividual variability, the provisional tolerable daily intake for women of reproductive age and infants was revised to 0.2 jig/kg body weight (bw)/day (26). The U. S. Environmental Protection Agency (U.S.EPA) took a similar approach and set the reference dose for MeHg at 0.1 pg/kg bw/day, using an uncertainty factor of 10 (27) . Under these guidelines, the maximum weekly MeHg intake for a woman of average body weight (65 kg) should be less than 91 pg (Health Canada) or 45.5 pg (U.S. EPA). Assuming the average MeHg concentration in fish is 0.5 pg/g, a woman can only consume between half a fish (100 g) to a whole fish meal (200 g) per week. It is clear that a significant portion of the population, particularly the families of fishermen and aboriginal people, are exposed to MeHg beyond these guideline levels. The risk of dietary exposure to MeHg among the general public has to be better characterized.
Epidemiologic Evidence for Dietary Efect on MeHg Toxicity
An extensive review of epidemiologic data relating Hg exposure through the diet to nutritional parameters is presented in Table 1 (Hg0) release from dental amalgams (48), or chewing gum, which increased the release of Hge from dental amalgams (40), may modify individual exposures to Hg. Thus, the conclusion that fish are a major contributor to the total intake of Hg is not necessarily justified for every population and is highly dependent on dietary habits (46,47).
Epidemiologic studies have been conducted on the exposure of humans to Hg through fish and marine mammal consumption in different geographical areas: the Seychelles (21,24), the Canadian North (49,50), the Amazon (2), the Faroe Islands (25), Papua New Guinea (51), and Sweden (52) . There are inconsistencies in the toxic dose; for example, the populations in the Amazon appear to be more sensitive (53). It has been suggested that dietary practice may be a significant factor affecting the susceptibility to MeHg on the basis of the observation that more whale meat is consumed in the Faroe Islands and more fish in the Seychelles (5) . The duration and timing of exposure are also critical factors. For example, effects of prenatal exposure were more significant than the effects of exposure through breast-feeding in mice (54) .
Of all nutrients, selenium (Se), because of protective effects observed in animal studies, has received the most attention as a potential protector against MeHg toxicity in populations consuming seafood (55). Moreover, the main sources of Hg in the diet, such as fish and marine mammals, are also rich sources of Se (56). Thus, Se has been the main nutritional factor considered by epidemiologic and clinical studies to date (Table 1) . Dewailly (28) and Grandjean et al. (32) reported a correlation between Se and Hg in the serum or plasma, but other researchers did not observe such a correlation (34, 45) . No epidemiologic studies, however, have shown a correlation between Se intake and the occurrence or absence of symptoms for MeHg intoxication. Inconsistencies were also observed in the protective effects seen in animal studies (57 
Roles for Nutrition in MeHg Toxicity
Even though there is little evidence of nutrient effects at the population level, there is plenty of evidence that nutrients interact with the metabolism of Hg at the physiologic level. Nutrients can affect bioavailability, toxico-dynamics, and transport to target organs, and influence the immunologic, biochemical, or cytologic functional responses to Hg. However, as in the limited understanding of the mechanisms of MeHg toxicity (17, 59, 60) , the overall mechanisms of modification of MeHg toxicity by nutrients are not well understood. Review articles in this area of nutritional toxicology are scant; most focus on the modification of MeHg toxicity by Se (57,61-63), vitamin C (64-66), vitamin E (64,65), and essential minerals (7, 67 Tables 2, 3, and 4. Foods such as fish, milk, meat, and wheat bran (Table 2) ; minerals such as Se, zinc (Zn), copper (Cu), and magnesium (Mg) ( Table 3) ; and vitamins such as vitamin C, vitamin E, and vitamin B complex (Table 4) have been implicated in the alteration of Hg metabolism. However, evidence for protective or antagonistic effects is often complex and highly dependent on metabolic conditions. With the exception of Se and vitamin E, evidence for other nutrients is derived mainly from results of one or two studies. Moreover, nutritional considerations in many of these studies were not the main objective of the study. To address the conflicting results of the recent epidemiologic studies, principal investigators of these studies and other experts in Hg toxicology were invited to participate in a workshop titled the "Scientific Issues Relevant to Assessment of Health Effects from Exposure to MeHg" held by the National Institute of Environmental Health Sciences in North Carolina (November [18] [19] [20] 1998 ) (154). Among other conclusions, it was agreed that dietary factors may affect MeHg toxicity, but due to inadequate data there is a need for an extensive review of factors that might influence chronic MeHg toxicity. In response, this review provides an overview of our current understanding of how dietary factors affect MeHg toxicity.
Nutrition-Mercury Interactions
Studies on the interactions of nutrients and MeHg fall into two major categories: effects of nutrients on Hg metabolism and effects of Hg on nutrient metabolism. Both types of interactions will be addressed. Most information is currently derived from animal research and thus implications for human populations consuming mixed diets can only be speculative at this time.
Absorption ofMeHg
Studies on the effects of nutrients on MeHg absorption are summarized in Table 5 The effect of cooking and preparation method on the concentrations of MeHg in seafood and fish has been examined (310-312), but these effects are minor compared to factors such as fish age and size.
It is important to encourage collaborations among toxicologists, nutritionists, and public health officials in risk assessment and risk management. Emphasis should be given to assessing overall dietary quality and identifying alternative food sources for replacing the nutrients provided by fish and seafood in the diet. Both the risks and the nutritional and sociocultural benefits of consuming these foods should be assessed before drastic interventions to discourage people from consumption are implemented. For Hg alters free albumin availability; albumin shows preferential interaction with hydrophobic domains of the mercurial ligand; mercaptoalbumin forms stable complex with MeHg in serum Hg acts through the endocrine system creating hormone/enzyme imbalance in carbohydrate metabolism; induces anaerobic stress that causes switch to glycolysis May compete with Hg for the vitamin E antioxidant system and thus exacerbate the lethal effects of MeHg; Hg may catalyze lipid peroxidation of linoleic acid Inhibition of carnitine acetyltransferase occurs when Hg binds to enzyme sulfhydryl groups; Hg reacts with double bonds of fatty acid residues in phospholipids (major component of biomembranes) Inhibitory effect on hepatic fatty acid synthetase activity is mediated through interaction of Hg with sulfhydryl groups of the enzymes; Hg promotes oxidation of lipids; fat composition of diet affects toxicokinetics of Hg Hg inhibition of sugar absorption is ascribed to impairment of the sugar-Na phlorizin-sensitive cotransport; interacts with ligands of the transport proteins in the luminal membrane of enterocytes MeHgCI induces alterations in electron transport in the ubiquinol-cytochrome c oxidoreductase region Abbreviations: SH-, thiol; -SS-, oxidized thiol. ' Table contains 
(108) Partially blocked inhibition of carnitine acyltransferase Decreased Hg concentration but efficiency (176) was not high enough to make process efficient Prevented increase in SGPT and SGOT levels (177) Increased weight gain; slightly decreased (70) kidney Hg; no effect on survival Improved egg production; no effect on (71) survival Improved weight gain and survival (70)
Reduced whole-body retention of Hg; oral (174) dose increased liver deposition; no effect on relative organ distribution 72 hr
Reduced sister chromatid exchange Decreased renal y-glutamyltransferase;
(188) no effect on the distribution of MeHg and its inorganic metabolites or GSH in brain and kidney 7 wk
Increased Hg in kidney but not brain and (79) blood levels; lowered activity of apartate amino transferase and increased creatine phosphokinase; increased kidney pathology; no effect on percentage inorganic Hg; no effect on neurotoxicity (ataxia, tail rotation, convulsion) 60 min Hg inhibited amino acid uptake in astrocytes (189) 14 
